It has been proposed that four members of the aquaporin family (AQPs 1, 3, 8, and 9) are involved in the control of amniotic fluid (AF) homeostasis, as illustrated by their differential expression patterns in normal and pathological human term fetal membranes. However, there are no data available to date on their ontogeny throughout pregnancy. Our objective was to determine spatiotemporal expression profiles of the mRNA and proteins of all 13 members of this transmembrane channel family. For this purpose, we used healthy fetal membranes from the first, second, and third trimesters of pregnancy. Total mRNA and proteins were extracted from total membranes and from separated amnion and chorion. Quantitative PCR, Western blot, and immunohistochemistry experiments were carried out to determine the presence of AQPs and to quantify their spatiotemporal expression patterns throughout pregnancy. The WISH cell line was tested to propose a cellular model for the role of AQPs in the amnion compartment. AQP11 expression was established in amniotic membranes at term. Aquaporins 1, 3, 8, 9, and 11 mRNA and proteins were present in amnion and chorion throughout human gestation. Each AQP has a timespecific expression pattern, with AQP1 presenting the highest variation in terms of mRNA and protein levels. The WISH cell line also expressed the same five AQPs. Taken together, these results indicate that AQPs are expressed and potentially involved in the regulation of AF homeostasis throughout pregnancy. This also clearly supports the hypothesis that abnormal expression could occur at any time during pregnancy, ultimately leading to obstetrical pathologies such as polyhydramnios or oligohydramnios.
INTRODUCTION
In human pregnancy, the fetus is enclosed in the amniotic cavity defined by the placenta and the chorioamniotic/fetal membranes. The fetal membranes are composed of the inner amnion lining the amniotic cavity and the outer chorion underlying the maternal decidua. The amnion is composed of an epithelial cell monolayer and connective stromal tissue, whereas the chorion is composed of a trophoblastic cell multilayer and reticular fibers. These extraembryonic tissues are well-established transitional structures critical to normal gestation in mammals [1] . One of their many important biological functions is to regulate the volume of amniotic fluid (AF) produced by the fetus. Amniotic fluid composition and quantity vary throughout pregnancy in response to fetal development and growth [2] . Dynamic control of AF volume is critical for appropriate fetal growth and symmetrical development. Reduced (oligohydramnios) or excessive (polyhydramnios) amounts of AF are clearly linked to pathologies that can lead to fetal abnormalities or significant perinatal morbidity and mortality [3] . Because the amniotic cavity is a fetal water compartment, water transfer across fetal membranes in contact with the decidua (called transmembranous flow) or in contact with the placenta (called intramembranous flow) could be a critical modulator of AF volume [4] . The fine regulation of this transmembranous flow is poorly understood, but strong evidence suggests that membrane water channels are involved, with aquaporins (AQPs) being the leading candidates.
Aquaporins are a family of transmembrane water channel glycoproteins with the following three subgroups: classic AQPs, aquaglyceroporins, and super-AQPs. To date, 13 AQPs, named AQPs 0 to 12, have been described in mammalians. To be functional, AQPs have to adopt a homotetrameric organization in the plasma membrane, with each monomer working independently as a hydrophilic pore [5] [6] [7] . This structure enables all AQPs to ensure rapid water flow across biological membranes but also allows the traffic of other small molecules such as glycerol and urea by AQPs 3, 7, and 9 (called aquaglyceroporins) or nitrate by AQP6 [8] [9] [10] [11] [12] . Studies have so far established that four AQPs (AQPs 1, 3, 8, and 9) are expressed in human fetal membranes, although only at the end of pregnancy [13] . Their expression levels are also linked to normal (model mouse) or pathological (oligohydramnios or polyhydramnios) AF volume [13] . Aquaporin expression can also be down-regulated in the extraembryonic environment throughout pregnancy [13] .
Taken together, these results suggest modification in AQP expression in fetal membranes over the course of pregnancy. Based on this hypothesis, we aimed to determine the mRNA and protein expression patterns of the AQP family in the fetal membrane zone (layer determination) and during the different trimesters of pregnancy (timing determination).
MATERIALS AND METHODS

Tissue Collections
Healthy fetal membranes (mean age of included women, 31.5 6 4.9 yr) were collected after informed consent as previously described [14] . The research protocol was approved by the institutional regional ethics committee (Comité Consultatif pour la Protection des Personnes se pretant la Recherche Biomedicale Auvergne). First-trimester membranes (n ¼ 3 per isolated gestational stage) were obtained and isolated by aspiration after voluntary termination of pregnancy. Midtrimester membranes (18, 21 , and 26 wk of gestation [WG] ) were harvested after termination of pregnancy (n ¼ 3 per isolated gestational stage). Eligible cases corresponded to lethal fetal anomalies with no change in AF volume (i.e., severe cardiac anomalies and classic brain damage). Third-trimester membranes (n ¼ 5 per isolated gestational stage) were collected from pregnancies after cesarean births (at Centre Hospitalier Universitaire Estaing, Clermont-Ferrand, France). Each collected membrane had an appropriate volume of AF for the gestational age. For all third-trimester collections, AFs contained no meconium, and the placentas were macroscopically and microscopically normal. Histological examination (performed on all included fetal membranes) demonstrated no cases of chorioamnionitis leading to pathological modification of AQP expression levels [15] . The amniotic membranes were immediately collected and stored at À808C before performing frozen sections or quantitative RT-PCR and protein assays. All membranes except those collected during the first trimester of gestation were separated into the following three groups: amnion alone, chorion alone, and amnion plus chorion.
Cell Culture
A human amnion-derived Wistar Institute Susan Hayflick (WISH; ATCC) epithelial cell line (contaminated with HELA cells) was cultured according to ATCC guidelines under standard conditions (5% CO 2 , 95% humidified air, 378C) in modified Eagle medium supplemented with 5% fetal bovine serum, 50 mg/ml streptomycin, and 50 IU/ml penicillin (Sigma-Aldrich).
Reverse Transcriptase PCR
Total RNA was extracted from human WISH cells, amnion, and/or chorion using TRIzol reagent (Invitrogen). The RNA quantity was determined by spectrophotometry at 260 and 280 nm (ratio with proteins). The RNA quality was studied by gel electrophoresis (2% agarose) to test for the presence of intact 28S and 18S RNA bands. The cDNA was synthesized from 3 lg of RNA using a Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen). The primer sequences used for classic and quantitative RT-PCR were originally generated using the Web program Primer 3 (Whitehead Institute for Biomedical Research/MIT Center) based on the published full-length human mRNA sequences of the 13 AQP genes and designed to avoid genomic DNA amplification (Table 1 ). All primers were first checked for their ability to specifically amplify defined mRNA regions using AQP-expressing human tissues (positive controls). Classic RT-PCR assays were performed as previously described [16] but with annealing carried out at 598C for 45 sec. A negative control for amplimer contamination was set up using a complete PCR mix without cDNA. Quantitative RT-PCR reactions were performed using Power SYBR Green PCR Master Mix on a 7300 Real-Time PCR System (Applied Biosystems). Quantification of housekeeping gene acidic ribosomal phosphoprotein P0, RPLP0 (also known as 36B4), transcripts was performed for all samples as an internal control of the amount and quality of cDNA as previously described [17] . The results are given as the ratio between each AQP and RPLP0 transcript (consistently expressed over the pregnancy) relative to gestational age. All experiments were performed in duplicate. All PCR products were separated on a 1.5% agarose gel and sequenced on both strands to confirm the specificity of the reaction.
Western Blots
Total protein was extracted from total amnion and chorion with a Plasma Membrane Protein Extraction Kit (BioVision) after tissue dispersion in a T10 basic Homogenizer Workcenter (IKA). Samples were denatured in a loading buffer (b-mercaptoethanol) at 1008C for 10 min and resolved on 10% SDSpolyacrylamide gel (70 lg of total protein per well). Separated proteins were electrotransferred onto Immobilon-P membranes (Millipore). Nonspecific sites were blocked for 1 h with Tris-buffered saline (TBS) containing 0.1% Tween 20 and 5% nonfat dry milk (blocking solution). The membranes were then incubated overnight with rabbit anti-AQP1 (H-55, sc-20810), goat anti-AQP3 (C-18, sc-9885), and goat anti-AQP9 (F-17, sc-14988) (all from Santa Cruz Biotechnology); goat anti-AQP11 (AQP115-A; Alpha Diagnostic International); and mouse anti-AQP8 (ab77198) and mouse anti-beta-actin (ab-6276) (both from Abcam) antibodies diluted 1/100 in blocking solution. The membranes were washed in distilled water (three times for 5 min each) and TBS-Tween 0.1% (for 15 min) and then incubated with peroxidase-conjugated secondary anti-IgG antibodies (Abcam) diluted 1/5000 in blocking solution. After rewashing in TBS-Tween 0.1% (four times for 5 min each) and distilled water (for 10 min), membrane peroxidase activity was tested by enhanced chemiluminescence (ECL Plus kit; Amersham). Band quantification was performed using Quantity One software (BioRad). All experiments were performed in triplicate. Results were presented as ratio between the quantities of the protein of interest (AQPs) and the housekeeping protein beta-actin (consistently expressed over the pregnancy) on the same blot relative to gestational age.
Immunohistochemistry and Immunocytochemistry Experiments
Immunohistochemistry and immunocytochemistry experiments were performed as previously described for cryosections (8 lm) and cells [17] . Slides of cells and tissues were fixed in paraformaldehyde (4% in PBS) and incubated overnight with rabbit anti-AQP1 (H-55, sc-20810) and anti-AQP11 (1101-AP; FabGennix Inc.), goat anti-AQP3 (C-18, sc-9885) and anti-AQP9 (F-17, sc-14988), and mouse anti-AQP8 (ab77198) antibodies (diluted 1/200 in TBS). The samples were examined after 4 0 ,6-diamidino-2-phenylindole nuclear staining under a Zeiss Axiophot microscope. For negative controls, sections were incubated with normal rabbit IgG. PRAT ET AL.
Statistical Analysis
Results expressed as means 6 SDs are an average of duplicates of three independent experiments. Comparison of means was performed by parametric ANOVA using GraphPad PRISM software (GraphPad Software Inc.). For all studies, values were considered significantly different at P , 0.05.
RESULTS
AQP11 Was Also Expressed in Human Term Fetal Membranes and WISH Cells
The RNA was successfully isolated from all analyzed samples with a constant high quality. All specimens expressed the housekeeping gene RPLP0 transcript. The RT-PCR screening for the 13 AQP genes ( Table 2 ) detected AQP11 in human term amnion and chorion, in addition to the AQPs 1, 3, 8, and 9 already described. Immunohistochemistry confirmed that these five proteins were expressed in the fetal membranes with an intracellular AQP11 localization ( Fig. 1 and data not  shown) . No expression was detected for AQPs 0, 2, 4, 5, 6, 7, 10, and 12. As a well-established amniotic epithelial cell model, WISH was analyzed for AQP transcript and protein expression. Whereas AQP8 had been the only AQP previously described in this cell line, we also detected AQPs 1, 3, 9, and 11 ( Table 2 and Fig. 1 ).
AQPs 1, 3, 8, 9, and 11 Were Also Expressed During Every Trimester of Pregnancy
To propose a longitudinal ontogenesis of AQPs throughout gestation, fetal membranes sampled were collected for all three trimesters (i.e., at 10, 11, and 12 WG for the first trimester; at 18, 21, and 26 WG for the second trimester; and at 32 and 38 WG for the third trimester). Whatever the stage analyzed, AQPs 0, 2, 4, 5, 6, 7, 10, and 12 were never found, whereas AQPs 1, 3, 8, 9, and 11 were expressed throughout pregnancy (Fig. 2) .
AQP1 presented the highest levels of expression during the first trimester and globally tended to decrease after 11 WG. Indeed, both 11 and 21 WG marked significant (P , 0.001) increases in AQP1 mRNA quantity in terms of total membranes (Fig. 3A) , and amnion and chorion taken in isolation followed a similar pattern (Fig. 3 , B and C). Protein expression also peaked at 11 WG (P , 0.001), with a second peak at 26 WG (P , 0.05) instead of at 21 WG (Fig. 3D) . Furthermore, quantitative RT-PCR revealed that AQP3 mRNA is principally present at 12 WG (P , 0.01) and at 26 WG (P , 0.001) in healthy human fetal membranes (Fig. 4A) , whereas the protein pattern of AQP3 showed a single peak at 18 WG (P , 0.05) (Fig. 4B ). Despite these differences between mRNA and protein expression patterns, the results globally showed a sharp increase in AQP3 from 12 to 26 WG (i.e., spanning the first and second trimesters) and weak AQP3 expression during the third trimester of pregnancy. In addition, high AQP8 mRNA expression was detected as early as 10 WG (P , 0.01), and AQP8 protein expression peaked at 11 and 12 WG (P , 0.01). A second high peak of AQP8 was detected at 18 WG at 
a Expression indicated by þ, no expression indicated by À. 
FIG. 1. Aquaporin protein expression in human term fetal membranes and the WISH cell line: AQP1 (A-C), AQP3 (D-F), AQP8 (G-I), AQP9 (J-L), and AQP11 (M-O) immunohistochemistry and immunocytochemistry (green labeling) was performed on human term amnion (A,
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transcript level but not at protein level (Fig. 4 , C and D). AQP9 protein expression levels showed no significant pattern change during gestation, whereas AQP9 mRNA expression peaked at 21 WG (P , 0.001) (Fig. 4, E and F) . Finally, the 18-21 WG period marked the highest level of AQP11 mRNA expression (Fig. 5A ), while AQP11 protein showed an accumulation at term (Fig. 5, B and C) .
DISCUSSION
In the context of previous findings on AQPs and human amniotic membranes [13] , the present study establishes the following two major new findings: 1) the presence of an additional AQP11 in the fetal membrane environment and 2) the presence of AQPs 1, 3, 8, 9 (to date only described at term), and 11 expression throughout pregnancy. These findings were reproduced in different pregnant women, thus ensuring the consistency of our conclusions. Aquaporins 1, 3, 8, and 9 are found in humans and sheep and mice species with anatomically and histologically different placentas. This conserved combination of AQPs is likely to be widely present in mammalian fetal membranes, supporting the hypothesis that these AQP water channels may be fundamental to the regulation of fetal water flow. At all stages analyzed, all three subgroups of the AQP family are expressed in the amniotic membranes: the classic AQPs with AQP1 and AQP8, the aquaglyceroporins with AQP3 and AQP9, and the super-AQPs with AQP11 [18] . This global expression pattern suggests an interesting cytoplasmic (AQP11) and transmembranous (AQPs 1, 3, 8, and 9) network enabling water transport for all expressed AQPs, as well as for other molecules (urea, glycerol, ammonia, anion as nitrate, and neutral solutes such as monocarboxylates, polyols, carbamides, purine, and pyrimidine) for the aquaglyceroporins [19] . Amniotic transmembranous water flux could occur most rapidly in the presence of AQPs because these channels reportedly increase cell plasma membrane water permeability 5-fold to 50-fold compared with membranes in which water moves primarily through the lipid bilayer. Note that the five AQPs were always expressed in both fetal structures (amnion and chorion) at all analyzed stages, suggesting a similarity of amniotic and chorionic fluid permeabilities. Thus, a constant mechanism can be proposed that operates throughout pregnancy (and at term) to support the transport of water and solutes across the amniotic membranes (avascular structures with no significant vascularity between amnion and chorion) and therefore acts as a major contributor to AF volume and homeostasis [20] . In addition, an alternative role could be proposed for AQP1 and AQP3 throughout pregnancy based on the fact that these two AQPs have been implicated in a cell migration process that is fundamental to the development of the fetal membranes. Indeed, in the context of other mammalian tissues, an accumulation of these AQPs in the front end of migrating cells allows a rapid water flow. Aquaporins also facilitate rapid changes of cell volume to migrate easily into the extracellular matrix [21] .
As described previously for ovine and mice amniotic membranes [22, 23] , we demonstrated that human membranes also have a dynamic temporal expression pattern. This phenomenon must be linked to the variability in human AF composition and volume [24] . The average AF volume increases progressively from 20 ml at 10 WG to 630 ml at 22 WG and 770 ml at 28 WG, with little subsequent change between 29 and 37 WG [25] . In addition, AQPs 1, 3, and 8 could be considered the first-trimester AQPs and AQP9 and AQP11 as the second-trimester AQPs. This could be linked to some fetal changes occurring around midgestation (development of urinary concentration abilities or skin keratinization) 
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Expression levels of AQP1 transcripts and proteins were normalized with an RPLP0 and a beta-actin ratio, respectively, defined as 1 for end of gestation (38 WG) . Data shown are representative of duplicate experiments on three (first and second trimesters) and five (third trimester)independent tissues per gestational step. Bars give means 6 SD. 
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that are also able to influence AF volume. The similar AQP patterns identified between mice and humans are likely related to their similarity in terms of hemochorial placentation [1] . There was a temporal shift between transcript and protein patterns during pregnancy for most of the AQPs studied. This difference could be explained by differential mechanisms occurring during the transcriptional and posttranslational steps in the lives of the AQPs [26] . By the additional identification of AQPs 1, 3, 9, and 11 in the WISH cell line, we have completed their definition in terms of water channel expression because only AQP8 expression has been reported to date [27] . The same AQPs (AQPs 1, 3, 8, 9 , and 11) were detected in amnion at all studied stages of gestation and in this WISH cell line originally established from human amnion epithelial cells of normal-term pregnancy [28] . Therefore, WISH cells are a valuable resource for in vitro study of water channel regulation and the role of water channels in the transmembranous pathways of amniotic volume regulation throughout gestation. Focusing on the five AQPs expressed in amniotic membranes, AQP1 presents the highest variation between the lowest and highest levels in terms of mRNA (92-fold) and protein (34-fold) expression. Human fetal membranes show the same spatiotemporal expression pattern as murine fetal membranes, with amniotic volume being inversely associated with AQP1 expression [4, 22] . Taken together, these arguments further support the important role of AQP1 in human amniotic membrane pathophysiology, even if other hypotheses based on kidney etiology could not be excluded. Indeed, AQP1 is the only AQP with a mouse knockout phenotype related to abnormal AF homeostasis. AQP1-null fetuses accumulate a greater volume of diluted AF than wild-type or heterozygous fetuses, without any compensatory expression of the other classic AQPs [29, 30] . For the first time, AQP11 is described herein as a member of the water channel family expressed in amniotic membranes throughout human gestation. AQP11 and AQP12 form the third AQP subgroup, named super-AQP [31] , as AQP11 is reported to have low homology with AQPs 0 to 10 and an unusual sequence of the N-terminal Asn-Pro-Ala (NPA) motif. Indeed, instead of the NPA consensus sequence, AQP11 has an Asn-Pro-Cys sequence [32] . Its expression in amniotic membranes is the first developmental expression of AQP11. To date, AQP11 has been found in adult testis, kidney, liver, heart, muscle, and brain [32] . Little is known about intracellular AQP11, but its biological functions are thought to be related to endoplasmic reticulum [33] . Moreover, experiments by Yakata et al. [34, 35] assessed the variable water permeability of murine AQP11. AQP11-knockout mice developed polycystic kidney disease and died prematurely [36] , and they may have intravesicular defects leading to the accumulation of several substances. Taken together, these observations suggest an important role for AQP11 in intravesicular homeostasis [31] and open up new perspectives on the role of AQP11 in fetal membranes during human gestation.
Expression levels of AQPs 1, 3, 8, and 9 were clearly modified in term amniotic membranes from patients with pathological AF volume and composition. These AQPs are increased in polyhydramnios [13] , whereas their mRNA levels are decreased in oligohydramnios [37, 38] . By establishing the presence of these AQPs (plus AQP11) throughout human normal gestation, our study findings strongly suggest that obstetrical disorders based on these molecules could occur at FIG. 5. AQP11 transcript and protein expression levels in human amniotic membranes throughout pregnancy. Quantitive RT-PCR was performed on total mRNA extracted from complete fetal membranes (amnion and chorion) at different stages of pregnancy. Protein was quantified after Western blot assay in total (membranous and cytosolic) protein extractions of amnion and chorion at the different weeks of pregnancy. Expression levels of AQP11 transcripts (A) and proteins (B and C) were normalized with an RPLP0 and a beta-actin ratio, respectively, defined as 1 for end of gestation (38 WG) . Data shown are representative of duplicate experiments on three (first and second trimesters) and five (third trimester) independent tissues per gestational step. Bars give means 6 SDs. 
earlier stages of pregnancy than when an ultrasonography diagnosis may be made, thus highlighting their importance for diagnosis and subsequent therapeutic approaches.
